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VIDEOROENTGENOGRAPHIC STUDY OF THE HEART AND LUNGS DURING EXPOSURE TO 

FORWARD ACCELERATION 

Summary of r e s u l t s  of inves t iga t ions  on the  Mayo Centr i fuge ca r r i ed  out  
s ince  January 1962 which have been supported i n  part by NASA. 

I, 

Resul t s  of inves t iga t ions  supported by NASA Interagency Transfer  Fund 
R-43 

mitted t o  the A i r  Force contract o f f i c e r  with copies t o  NASA during 
the  three-year cont rac t  period and i n  the f i n a l  WADD Technical Reports 
l i s t e d  below: 

l 

1 (cont rac t  period, December 1961 t o  December 1964) a r e  reported i n  
r e l a t i v e l y  complete f o r m  i n  the  twelve qua r t e r ly  progress r epor t s  sub- 

a 

~ 

(a 1 

Wood, E. H., S u t t e r e r ,  #. F,, Marshall, H, W, and Nolan, A, C.: 
Use of t h e  Human Centrifuge to Study Circulatory,  Respiratory 
and Neurologic Physiology i n  Normal HUMn Beings and a Descr ipt ion 
of an Electronic  Data Processing System Designed t o  F a c i l i t a t e  
These Studies,  WADD Technical Report 63-105 (December) 1963. 

1, 

2. 

3. 

4. 

Wood, E. H,, Nolan, A, C,, Donald, D, E., Wmundowicz, A. C. and 
Marshall, H. W.: Technics for Measurement of  In t r ap leu ra l  and 
P e r i c a r d i a l  Pressures  i n  Dogs Studied Without Thoracotomy and 
Methods f o r  Their Application t o  Study of In t r a tho rac i c  Pressure 
Relat ionships  During Exposure t o  Porward Accelerat ion (%). 
WADD Technical Report 63-107 (December) 1963, 

R e e d ,  J. H., Jr. and Wood, E. K.: U s e  of Dichromatic Earpiece ” 
Densitometry f o r  Determination of Cardiac Output. WADD Technics;: 
Report (November) 1964 ( in  press) ,  i 

Banchero, N., Cronin, L., Nolan, A. C. and Wood, E. H.: Blood 
Oxygen Changes Induced by Fopvard (+Gx) Acceleration. WADD 
Technical Report (November) 1964 ( i n  press ) .  

(b) Resul t s  of i nves t iga t ions  supported by NASA Research Grant NsG327 
(funded grant  period October 1, 1962 t o  October 1, 1964 - unfunded 
period October 1, 1964 to present)  a r e  summarized i n  the f o u r  s e m i -  
annual s t a t u s  r epor t s  which were submitted on Apr i l  1 and October 1, 
1963 and Apr i l  1 and October 1, 1964. 

There a r e  a l s o  a number of manuscripts which are published or  i n  the  
process of publ icat ion reporting r e s u l t s  of these  inves t iga t ions .  
These are  l i s t e d  below: 

1. Wood, E. H., Nolan, A. C. and Donald, D. E.: 
Acceleration on Circulatory,  P l eu ra l  and Related Pressures,  
Aerospace Medicine 34:270 (March) 1963. 

Effect of Forward 

2. Edmundowicz, A, C, (Wood, E, H,): In t r a tho rac i c  Pressure Re- 
l a t i onsh ips  i n  Dogs Without Thoracotomy. 
22:459 (March-April) 1963, 

Federation Proceedings 
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3. Kenner, H. M. and Wood, E. H.: Per i ca rd ia l .  I n t r a p l e u r a l  
and In t r aca rd iac  Pressures During Acute  Heart F a i l u r e  i n  
Dogs Without Thoracotomy. Pederation Proceedings 22:459 
(March-April) 1963. 

4, Nolan, A. C., Marshall, H. W., Cronin, L., S u t t e r e r ,  W. F. 
and Wood, E. H.: Decreases i n  A r t e r i a l  Oxygen Sa tu ra t ion  
and Associated Changes i n  Pressures  and Roentgenographic 
Appearance of t h e  Thorax During Forward (ex) Acceleration, 

. Aerospace Medicine 34:798-813 (September) 1963. 

-5. Wood, E. H., Nolan, A. C., Donald, D. B. and Cronin,  L.: 
Inf luence of Acceleration on Pulmonary Physiology. 
Federation Proceedings 22:1024-1034 (July-August) 1963. 

6 ,  Banchero, N., Cronin, L., Nolan, A. C. and Wood, E, H.: 
Blood Oxygen Changes Induced by Forward (4,) Acceleraiion. 
Aerospace Medicine 35:257-258 (March) 1964. # 

7, Sturm, R. E., Sanders, J. J. and Wood, E. H.: A Roentgen 
Videodensitometer for Ci rcu la tory  Studies .  Federat ion 
Proceedings 23:303 (March-April) 1964. 

8 .  Banchero, N. , Rutishauser, W. , T s a k i r i s ,  A. G. and Wood, E. H.: 
Respiratory P leu ra l  Pressure Amplitude i n  Dogs Studied Without 
Tnoracotoxny. The Physiologist  7:85 (August) 1964. 

9. Rutishauser ,  W., Banchero, N., T s a k i t i s ,  A. G. and Wood, E. H.: 
? l e u r a l  Pressures  i n  Dogs i n  Supine and Prone Body Pos i t i ons  
Studied Without Thoracotomy, 
1964. 

The Physiologist 7: 241 (August) 

10. Reed, J. H. , Jr. and Wood, E. H. : 
Densitometry for Determination of Cardiac Output. 
o l o g i s t  7:234 (August) 1964. 

U s e  of Dichromatic Earpiece 
The Physi- 

11. Mook, G. A., Osypka, P., S t u m ,  R. H. and Wood, E. H.: Fiber- 
Optic Densitometry on Blood, The Phys io logis t  7:208 (August) . 
1964. 

12. Wood, E. H., Sturm, R, E. and Sanders, J. J.: Data Ptocessing 
i n  Cardiovascular Physiology wi th  P a r t i c u l a r  Reference to  
Roentgen Videodensitoaetry. 
(November) 1964.' 

Mayo C l i n i c  Proceedings 39:849-865 

13. Sanders, J. J.: Data Extract ion From a Video Display. IBM 
GPD Development Laboratory, Rochester, Minnesota TR 07.036 
(Apri 1) 1964. 

14. Xarsden, W. J.: Design of F i l t e r s  for Use on Disc re t e  Data. 
12hI GPD Development Laboratory, Rochester,  Minnesota TR 07.06, 
061.032, February 28, 1964. 

15. Rutishauser,  W., Banchero, N., T s a k i r i s ,  A. G O ,  Stutm, R. E .  
and Wood, E. H,: 
Acceleration. Aerospace Medicine 26 :J61 ..(February) 1965. 

P leura l  Pressures  i n  Dogs During Transverse 
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Banchero, N., Rutishauser, W., Tsaki r i s ,  A. G., Sturm, R. E. 
and Wood, E. H.: The Effect  of Forward, Backward, Right 
La tera l  and Left  Lateral  Acceleration on B l o o d  Oxygen Sa tura t ion  
i n  Dogs. Aerospace Medicine 26 A36 (February) 1965. 

Rutishauser, W. J. and Fowler, W. S. (Wood, E. H.): Pleura l  and 
Esophageal Pressures During Transverse Acceleration i n  Different  
Body Posit ions.  Federation Proceedings 24:644 (March-April) 1965. 

Banchero, N, and Monge, C. (Wood, E. H.): Per i ca rd ia l  Pressures  
i n  Dif fe ren t  Body Posi t ions During Transverse Acceleration i n  Dogs 
Studied Without Thoracotomy. Federation Proceedings 24:644 (March- 
Apr i l )  1965. 

Rutishauser,  W. J., Banchero, N,, T sak i r i s ,  A, G., Edmundowicz, A. 
and Wood, E, H.: Pleural  Pressures a t  Dorsal and Ventral S i t e s  i n  
Supine and Prone Body Positions. Journal of Applied Physiology ( i n  
press  ) . 
Banchero, N., Cronin, L., Nolan, A. C. and Wood, E, H,: B l o o d  
Oxygen Changes Induced by Forward (+&I Acceleration. Aerospace 
Medicine ( in  press) ,  

Reed, J. H., Jr. and Wood, E, H,: Use of Dichromatic Earpiece 
Densitometry for Determination of Cardiac Output. 
Applied Physiology ( i n  press). 

Journal  of 

Anderson, R. P., Sturm, R, E. and Wood, E. H.: An Active Lon- 
Pass F i l t e r  for  Biomedical Applications. 
Physiology ( i n  press).  

Journal  of Applied 

Sanders, 3. J.: Data Extraction From a Video Display, IEEE 
Transactions on Biomedical Engineering ( i n  press).  

The roentgen videodensitometer, support for development of which was i n  
l a rge  p a r t  from research grant NASA NsG327, has  made poss ib le  a number 
of studies of f a c t o r s  a f f ec t ing  mitral valve funct ion which have considerable 
s ign i f icance  i n  c i r cu la to ry  physiology as wel l  a s  i n  c l i n i c a l  cardiology 
and cardiovascular surgery, These are l i s t e d  below: 

1. Williams, J. C. P., O'Donovan, T. P. B,, Sturm, R. E. and Wood, E. H.: 
Roentgen Videodensitometric Study of Efficacy of Mitral  Valve Closure 
i n  Dogs Without Thoracotomy, The Physiologis t  7:287 (August) 1964, 

2, O'Donovan, T. Po B,, Williams, J. C. P, and Wood, E, H.: E f f e c t  
of Vagal Stimulation on Atr ia l  Transport Studied i n  Dogs Without 
Thoracotomy. The Physiologist  7:218 (August) 1964. 

3, Williams, J. C. P., O'Donovan, T. P, B,, Vandenberg, R. A.,Osypka, P., 
Sturm, R. E, and Wood, E, H.: Roentgen Videodensitometer Study of 
the Efficacy of Mi t ra l  Valve Closure During Elec t ronica l ly  Control led 
Cardiac Arrhythmias, Journal of Laboratory and C l i n i c a l  Medicine 64: 
1018 (December) 1964, 



-4- 

, 
! 0 

i 

I 

I 

! 

I 

1 

, 

, 

4. Vandenberg, R. A, ,  Sturm, R. E. and Wood, E. H,: Eff ic iency of 
Closure of t h e  Mi t ra l  Valve by Iso la ted  Ventr icular  Systoles.  
Federation Proceedings 24:704 (March-April) 1965. 

5 ,  Williams, J. C. P., O'Donovan, T. P. B., Osypka, P. and Lambert, 
E. H. (Wood, E. H,): Efficacy of Atriogenic Closure of Mitral 
Valve i n  Dogs Without Thoracotomy. Federation Proceedings 24: 
704 (March-April) 1965. 

6. Tsak i r i s ,  A. G. and Wlrchell, H, B. (Wood, E. H.): Effec t s  of 
Acute Cardiac Denervation on Cardiac Performance i n  Dogs Studied 
Without Thoracotomy. Federation Proceedings 24:705 (March-April) 
1965 . 

(c) I n  summary, some of the  r e s u l t s  and accomplishments of inves t iga t ive  
p ro jec t s  supported i n  p a r t  by NASA funds which have'been ca r r i ed  out 
on or i n  conjunction with the human cent r i fuge  of the Mayo Cl in i c  and 
Mayo Graduate School of Medicine during the  period January 1962 t o  the 
present  are  as follows: 

1. Development of technics f o r  continuous, simultaneous measurement 
of p leura l  pressures  a t  mult iple  s i t e s  i n  t h e  thorax of dogs 
studied without thoracotomy. 

2. Development of a technic for  continuous recording of pe r i ca rd ia l  
pressure i n  dogs studied without thoracotomy. 

3. Development of methods f o r  applying these t echn ic s  during exposure 
t o  acce lera t ion  on the centr i fuge along w i t h  previously developed 
technics  f o r  continuous and simultaneous r e g i s t r a t i o n  of r i g h t  and 
l e f t  a t r i a l ,  vent r icu lar ,  a o r t i c ,  pulmonary airway, and esophageal 
pressures  i n  dogs studied without thoracotomy along with the oper- 
a t i n g  parameters of the  cent r i fuge  (i.e., RPM, acce le ra t ion ,  angle  
of tilt  of cockpit) .  

4. Modification and i n s t a l l a t i o n  of a roentgen f luoroscopic  image- 
i n t e n s i f i e r ,  image-orthicon video assembly i n  a spec ia l ly  designed 
and fabr ica ted  cockpit  which allows roentgenographic s t u d i e s  a t  
any desired angle through the  thorax during accelerat ion.  

5 .  Development of methods f o r  remote con t ro l  of t h i s  roentgenographic 
assembly and for transmission of the video s i g n a l  from the  cen t r i -  
fuge cockpit  t o  a remotely located videotape recorder.  

6.  Development of a roentgen videodensitometer for  quan t i t a t ive  measure- 
ments (60/second) of the roentgen opacity of any se lec ted  area of 
va r i ab le  s i z e  (0.25 t o  100 cm.2) i n  the roentgen s i l h o u e t t e  of t h e  
h e a r t  and lungs or other bodily s t ruc tures .  
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7. Development of spec ia l ly  f ab r i ca t ed  half-badyplast ic  c a s t s  to 
v . .  

provide: 
dogs without in te r fe rence  w i t h  roentgenographic s t u d i e s  of the  
h e a r t  and lungs d u r i n g  accelerat ion.  

Body support  and accura te  c o n t r o l  of body pos i t i on  of 
* 

m 

8.  Development of technics  based on biplane roentgenograns for ac- 
curate  l o c a l i z a t i o n  of t h e  pos i t i ons  of c a t h e t e r  t i p s  dur ing  
centr i fuge r o t a t i o n  along w i t h  zero reference l e v e l  co r rec r ions  
of mult iple  catheter-manometer systems t o  any desired l e v e l  i n  
the  thorax, 

. 9. Development of analog-to-digi ta l  and d ig i t a l - to -ma log  e l e c t r o n i c  
data-processing technics  and d i g i t a l  computer programs fo r :  

(a) Performing base-line cor rec t ion  ca l cu la t ions  f o r  mul t ip l e  
cathe ter-manometer systems based on continuous recordings 
of centr i fuge RPM and cockpi t  angle  followed by conauter 
cont ro l led  e l e c t r o n i c  digi ta l - to-analog conversion and plot-  
t i n g  of t h e  corrected and equiva len t ly  sca l ed  r e s u l t s ,  

(b) Calculat ion of t h e  pos i t i on  of c a t h e t e r  t i p s  i n  t h e , t h o r a x  
from measurements on biplane roentgenographic f i lm,  

(c) Correct ion of videoroentgenographic recordings of d i l u t i o 2  
curves of roentgen con t r a s t  media a t  any s i t e  i n  the  cardiac 
or g r e a t  ves se l  s i l h o u e t t e  f o r  non-specific changes due t o  
changes in pos i t ion  and dimensions assoc ia ted  wi th  the cardiac 
cycle. . 

(d) A d i g i t a l  technic  fo r  a highly e f f e c t i v e  (40 db/octave cut- 
off)low-band pass f i l t e r  f o r  removal of the  r e l a t i v e l y  high 
frequency v ib ra t iona l  a r t i f a c t s  which f r equen t ly  obscure re- 
cordings of i n t r aca rd iac  and vascular  pressures  obtained v i a  
card iac  catheter-nanometer systems during centriifuge ro t a t ion .  

10, Due t o  l a rge  amount of d i g i t a l  computer t ime and, hence, h i g h  ex- 
pense of d i g i t a l  f i l t r a t i o n  of these  data ,  a highly e z f e c t i v e  
method for f i l t r a t i o n  of these d a t a  on a real-t ime b a s i s  has been 
developed using an analog computer. These analog computer f i l t e r  
assemblies can be made w i t h  any des i red  cut-off frequency and w i t h  
an a t t enua t ion  r a t e  of 40 db/octave a t  the s e l e c t e d  frequency, 

11, Development of technics  for remotely cont ro l led  i n j e c t i o n s  of 
roentgen con t r a s t  med ium or ind ica to r  dyes a t  des i r ed  s i t e s  i n  
t h e  c i r cu la to ry  system during per iods of cent r i fuge  r o t a t i o n  along 
w i t h  constant  rate sampling of mixed a r t e r i a l  and venous blood for  
conrinuous r e g i s t r a t i o n  of oxygen s a t u r a t i o n  or concentrat ion of 
ind ica to r  dyes. 

12. W d i f i c a t i o n  of an RCA model TR2 videotape recorder t o  make possible 
simultaneous recording on the same magnetic tape with  the videoiF.i,-c 



or': (a)  the electrocardiogran (or any o ther  physiolozic  va r i ab le ) ,  
<b) a d i g i t a l  binary coded deciinal s i g n a l  f o r  subsequent s y x h r o a i -  
z a t i o a  and e l ec t ron ic  search ana r e t r i e v a l  opcra t iocs ,  aca (c) t h e  
i n s t a n t ,  znount and durat ion of injec-iions of c o n t r a s t  nediurn, Tnese 
codi f ica t ions  g rea t ly  simply the  problem of synchronizaTion or' re- 
corded changes i n  the video image during the cardiac cycle w i t h  
simultaneous changes of other hemodynamic parameters. 

13, Developmnt of  technics f o r  simultaneous photokymographic and mag- 
n e t i c  tape recordings of up t o  21 physiologic va r i ab le s  a long with 
the  videotape recordings mentioned i n  i t e m  12, 

14. The t echn ics  l i s t e d  above along w i t h  o thers  have been used t o  
car ry  out  t he  s t u d i e s  reported i n  t h e  A i r  Force technica l  renorts, 
NASA t echnica l  r e p o r t s  and t h e  published repor t s  l i s t e l i  above. 

(d) Tnese s t u d i e s  have demonstrated tha t  l e v e l s  of acce le ra t ion  s in i i a r  
t o  ^;hose encountered i n  the launch and re-entry phases of space f l i g h t  
cause : 

1, Severe degrees  of a r t e r i a l  hypoxemia i n  heal thy human sub jec t s  o r  
anes the t ized  dogs apparently due t o  development l a r g e  pulmonary 
a r t e r i a l  venous shunts. 

2. Highly p o s i t i v e  i n t r a p l e u r a l  p ressures  i n  the  dependent regions 
of the  thorax which would be expected t o  cause ex tens ive  pulmonary 
a t e l e c t a s i s  dur ing  periods of acce lera t ion ,  

3, Highly negat ive i n t r a p l e u r a l  p ressures  in the s u p e i i o r  iegi0r.s of 
the thorax  which may a t t a i n  l e v e l s  s u f f i c i e n t  t o  cause ruptuze of 
pulmonary parenchyma during such exposures. 

4. These changes occur a t  d i f f e r e n t  s i t e s  in the  thorax but a r e  a: 
siinilar magnitude during p lus  and minus Gx and G 

.during p lus  & acce lera t ion  when t h e  body is t i l t e d  15 degrees  
head-up or head-down. 

accelerat loi .  acd Y 

5 ,  Tnere are s t r i k i n g  changes i n  esophageal and p e r i c a r d i a i  p ressures  
depending on the d i r e c t i o n  of t h e  acce le ra t ion  and the v e r t i c a l  
he ight  of t h e  recording s i t e  i n  the thorax. 

6. Transmural right and l e f t  a t r i a l  pressures  and t r a n s p e r i c a r d i a l  
p ressures  i n  anesthet ized.dogs a r e  not g r e a t l y  changed i n  the  
acce lera t ion  range of from -6.5 t o  +6.5 Gx or Gy acce lera t ion .  

7 ,  i n t e rpo la t ion  between the  values  obtained during p lus  and minus 
Gx and G,, acce lera t ion  allows es t imat ion  of p leu ra l  and other 
i n t r a t h o r a c i c  pressures which would be expected to p e r t a i n  a t  
zero-G, Values for  end-expiratory p l eu ra l  p ressure  a t  zero-G 
ranged from -6 t o  -4 cn, ti20 and, as  would be expected, were 1.:- 
dependent of body posi t ion and the  s i t e s  i n  the  thorax  from which 
the  pressures  were recorded. Analogous esophageal pressures  
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a; zero-G were abou? -3 cia, H20 which supports  the f i n d i n g  
t h a t  estimated p leura l  pressures  corrected to  the  same v z r t i c z l  
he ight  as the esophageal c a t h e t e r  t i p  were 2 t o  3 cm. E20 zore 
negative than the  esophageal pressure,  

Es t ina ted  va lues  fo r  r i g h t  and l e f t  a t r i a l  ' i ranszuial  p ressures  
at z e r o - G  were about 3 and 5 c m ,  HZO, r e spec t ive ly ,  while trnns- 
p e r i c a r d i a l  p ressures  were not  s i p i f i c a n t l y  d i f f e r e n t  f r o m  zero, 

8 ,  The estimated hydros ta t ic  ind i f fe rence  l e v e l  (i.e,, the  reference 
lcvrll i n  the thorax a t  which recorded pressures  d id  no t  vary with 
the l e v e l  05 plus  and minus Gx acce le ra t ions )  was approximately a t  
mid-lung l e v e l  for  r i g h t  and l e f t  a t r i a l  pressures.  The analogous 
va lues  for  p l e u r a l  pressures  w a s  between 2 and 4 cni. v e n t r a l  to  
mid-lung leve l .  

9, A t  l e v e l s  of & and Gy acce lera t ion  of 4G and above, vzscular  
pressures  a t  the a r t e r i a l  and venous ends of the pulnoaary 
c a p i i l a r i e s  i n  t h e  dependent regions of t he  thorax are far  iri 
excess or' the  co l lo ida l  osmotic pressure  of plasma so t h a t  ro?z i  
development of pulmonary edema would be expected t o  occur i n  %he 
dependent segments of the lung. 

10, C o x o a i t m t l y  pUhQnZiiy artery piessure  i n  the rms'i s u p r i o r  
regions of the lung approaches or  f a l l s  t o  ze ro  whiie (if col- 
lapse of t h e  pulmonary ve ins  does not  occur i n  these a reas )  
highly negat ive va lues  occur a t  the venous end of the  capi l -  
l a r i e s  i n  these  segments of lungs, 

11, The r e l a t i o n s h i p  of these r e s u l t s  t o  space f l i g h t .  

T;?e o r L y  patho-physiologic e f f e c t s  of forward (+Gx) acce le ra t ion  whicr. 
apparcn'iiy pose a p r a c t i c a l l y  ser ious  t h r e a t  t o  t h e  f u n c t i o n a l  i n t e g r i t y  
of as t ronauts  during the launch and re-entry phases of space f l i g h t  a r i s e  
from the  l a r g e  hydros t a t i c  pressure imbalances which develog i n  t h e  lungs 
and thorax. 

These pressure irnbalances occur i n  super ior  and dependent reg ioas  i n  t h e  
thorax a t  the i n t e r f a c e  ( the  a iveolar  membrane) between the  a lveolar -  
:racherl-bionchial tree (whose content ,  a i r ,  has ;i s g e c i f i c  gravity of 

~~.~ . .  ~-~~ --.- ------- ---_--.- - -  '- --e- ---*-.. &-:  '=:---&- _ _ _ _  ,x-.-=e ;=t,Sr-f, 51z.z.1, 
:-La - - -  i - 
.gravi ty ,  'ihe usuzl  hydros t a t i c  pressure d i f f e rences  which e x i s t  a t  i n t e r -  
f a c e s  of these  a i r  and blood containing compartments i n  supe r io r  and 
dependent regions o€ the lungs a t  1 G  a r e  mul t ip l ied  dur ing  exposure t o  
acce lera t ion  i n  d i r e c t  proportion t o  t h e  G l e v e l  involved. 

---.--: - - - - - *  ,--*e' -I- -_ - - -  -rL--. &.=-&, 

S ~ S Z ; Z ; C  ~ r ~ i - i r j ~  GZ - .  ~ 3 3 ~ 5  ~ G S / .  1 -  2;s 50 751s C ~ - : ? Z ~ Z C ~  ia S?J,C;;T:C - r -  
. - *  

k e s s u r e  irzbalances a lso develop i n  the  p o t e n t i a l  i n t r a p l e u r a l  space 
which c o a s t i t u t e s  t he  in t e r f ace  between t h e  r e l a t i v e l y  r i g i d  c h e s t  wall 
z.-d the visco-e las t ic  lung parenchyma which sepa ra t e s  t hese  two COX- 

partmenis of widely d i f f e r e n t  dens i t i e s ,  
conten ts  (air and blood, respect ively)  of the lungs to r e d i s t r i b u t e  IC 

Tne tendency of t h e  f l u i d  
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,-esponse to hydros ta t ic  imbalances produced b y  t h e  changes i n  weight 
associated with acce le ra t ion  i s  r e l a t i v e l y  u n r e s t r i c t e d  and hence 
r e s u l t s  i n  s t r e s s e s  on the  lung parenchynla i n  proport ion t o  t h e  l e v e l  
of acce lera t ion .  These s t r e s s e s  caused by acce le ra t ion  have been 
denonsrrated t o  be capable of causing phys ica l  d i s rup t ion  of lung 
s t r u c t u r e s  of primates including man. 
a t e  i nc rease  i n  t h e  weight of the blood i n  r g l a t i o n  to t h e  a i r  con- 
t a i n i n g  a l v e o l i  r e su l t s  i n  t h e  co l lapse  of these s t r u c t u r e s  i n  t h e  
dependent por t ions  of the lungs and t h e i r  over -d is ten t ion  super ior ly .  
Severe dis turbances i n  vent i la t ion-perfusion ratios develop i n  these 
zegions 05 t h e  lungs with absence of v e n t i l a t i o n  inferiorly so t h a t  
a pulmonaty ar ter ia l -venous shunt develops. Th i s  shunt is apparent ly  
respons ib le  for  the severe  decreases  i n  oxygen s a t u r a t i o n  of sys t emic  
a r t e r i a l  blood which have been observed under these  circumstances. 

0 

Furthermore, t h e  disproport ion-  

In conclusion i t  i s  believed these r e su l t s  i n d i c a t e  t h a t ,  exclusive 
of t h e  danger of equipmental o r  instrumental  malfunction, t h e  cardio- ,  
pulmonary e f f e c t s  of acce lera t ion  ca r ry  t h e  g r e a t e s t  l ike l ihood of 
causing a tzission l imi t ing  o r  mission f a i l u r e  t h r e a t  t o  t h e  func t iona l  
i n t e g r i t y  o r  welfare of t h e  as t ronauts .  The p o s s i b i l i t y  e x i s t s ,  which 
should be kept i n  m i n d  by NASA biomedical personnel ,  that neglec t  of 
t h i s  problem may leave t h e  na t ion ' s  space program unnecessar i ly  vulner- 
a b l e  t o  t h e  occurrence of a r e a l  tragedy. 

111. plans  f o r  f u t u r e  i n v e s t i g a t i v e  a c t i v i t i e s .  

The o v e r a l l  ob jec t ives  of  t h e  staff of t h e  Centr i fuge F a c i l i t y  of t h e  
Xzyo C l i n i c  and Mayo Graduate School of Medicineare t o  f u r t h e r  e iuc ida te  
t h e  mechanisms responsible  for the cardiopulmonary e f f e c t s  of acce le ra t ion  
and, i f  possible, t o  develop technics  t o  minimize these  e f f e c t s .  

The cu r ren t  series of experiments be ing  c a r r i e d  out  on the centr i f t ige 
involves  a study of the comparative effects of forward (+Gx), backward 
(-Gx), l e f t - to - r igh t  (+Gy) and r igh t - to- le f t  (-Gy) a cce l e ra t ion  on the  
oxygen s a t u r a t i o n  and hemoglobin content  of a r t e r i a l  and nixed veilous 
(pulmonary ar tery)  blood, t h e  degree of pulmonary a r te r ia l -venous  
shunt ing,  hemoconcentration, i n t r a p l e u r a l  p ressures ,  p e r i c a r d i a l  
p ressures  and dnttathOraCiC circula , tory pressures  and t h e  roentgen - 
ographic appearance of t h e  heart  and lungs i n  dogs. Ind iv idua l ly  
molded half-body c a s t s  fabr ica ted  f o r  each of t h e s e  f o u r  body ?os i t i ons  
f o r  p a r t i c u l a r  dogs are being used i n  these  experiments. The c a s t s  a r e  
made from f i b e r  g l a s s  and l u c i t e  us ing  a whole-body p l a s t e r  mold of the 
dog and are r e l a t i v e l y  non radio-opaque so t h a t  continuous roentgen- 
ographic s t u d i e s  of t h e  dog's thorax can be c a r r i e d  out  before ,  during 
and a f t e r  each exposure. 

The roentgen videodensitometer is being used i n  conjunct ion wi th  
ind ica to r -d i lu t ion  t echn ic s  w i t h  simultaneous i n j e c t i o n s  of t h e  
c i r c u l a t o r y  i n d i c a t o r  (indocyanine green) and x-ray c o n t r a s t  nedia  
t o  study t h e  blood content  and c i r c u l a t i o n  t o  t h e  supe r io r  and de- 
pendent reg ions  of the lung before, dur ing  and after exposure t o  
acce le ra t ion  in these various body positions.  
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* This 
obtained we11 underway, Preliminary r e s u l t s  w i l l  form the  bas i s  for  t w o  
presentat ions on the s c i e n t i f i c  programs of the  spr ing meeting of the A e r -  
space Medical Association and two presentat ions on d i f f e r e n t  phases of the 
r e s u l t s  a t  t he  A p r i l  1965 meetings of t h e  Federated Soc ie t i e s  for  Experimental 
Biology * 

s e r i e s  of experiments i s  near completion and the ana lys i s  of the  da t a  

The next  s e r i e s  of centr i fuge experiments, which is cur ren t ly  i n  progress,  
w i l l  be spec i f i ca l ly  devoted t o  a roentgen videodensitometric study of t h e  
pulmonary c i rcu la t ion .  
the e l e c t r o n i c  components of t he  image-intensifier and videodensitometer 
assemblies a r e  being completed pr ior  t o  these  s tudies .  

Major a l t e r a t i o n s  involving an improved design of 

I t  i s  hoped tha t  these s tudies  - w i l l  provide information concerning some Of 

the e f f e c t s  of G, acce lera t ion  on the c i r cu la t ion  t o  superior  and dependent 
regions of the  lungs a t  l eve l s  of acce lera t ion  ranging from -7 t o  +7Gx, 
Pulmonary a r t e r i a l  and l e f t  a t r i a l  pressure w i l l  be recorded simultaneously 
along with determinations of t o t a l  pulmonary blood flow (cardiac output)  so 
t h a t  study of the in te r - re la t ionships  of these parameters w i l l  be possible ,  

I n i t i z l  r e s u l t s  by roentgen videodensitometry ind ica te  t ha t  blood flow to  
super ior  port ions of the  lungs is abolished a t  l eve l s  of acce lera t ion  of 
6 t o  7 G  while blood f l o w  a t  mid-lung l eve l  (which a t r i a l  and pulmonary a r t e r y  
pressure s tud ie s  ind ica t e  t o  be the hydros ta t ic  ind i f fe rence  l e v e l  of the  
pulmonary c i r c u l a t i o n )  is essen t i a l ly  unchanged while concomitantly f l o w  t o  
the dependent regions of the lungs (where p l eu ra l  pressures  are highly pos i t i ve  
so tha t  a t e l e c t a s i s  must be present) is  g rea t ly  increased. 

It is planned t o  combine these s tudies  w i t h  rad ioac t ive  t r a c e r  technics  f o r  
regional  pulmonary blood flow using tagged iodinated serum albumin aggregates 
znd also tagged (radioact ive and/or roentgen-opaque) microspheres of cont ro l led  
a e n s i t i e s  and d iane ters ,  A comparison of the  da ta  obtained by simultaneous 
appl ica t ions  of these  independent technics  should allow c r i t i c a l  evaluat ions 
of assuiiiptions involved i n - t h e  d i f f e ren t  nethods and, therefore ,  make poss ib le  
d e f i n i t i v e  est imates  of t h e  confidence l i m i t s  of the r e s u l t s  obtained. 

If the request  t o  NASA f o r  funds t o  extend the  physical  c a p a b i l i t i e s  of the 
cent r i fuge  a r e  approved, these studies w i l l  be car r ied  to higher l e v e l s  of 
a m e l e r a t i o n  and include the e f fec t  of o s c i l l a t i n g  the cockpit  through an 
angle of up t o  ~ 6 0  degrees from the r e s u l t a n t  f o r c e  e c t o r  a t  f requencies  
of up t o  2 cycles/minute. 

Subsequent p ro jec t s  contemplated fo r  study include: 

(a> Repet i t ion of the  s tud ies  outlined above i n  primates se lec ted  t o  have 
thoracic  dimensions and configurations a s  c lose ly  similar t o  those of 
adu l t  humans a s  possible. 

Up t o  the present only anesthetized dogs have been used i n  s tud ie s  of 
i n t r a p l e u r a l ,  i n t r aca rd iac  and pe r i ca rd ia l  pressures  during acce lera t ion .  
I t  has been found tha t  t he  decreases i n  a r t e r i a l  oxygen sa tu ra t ion  during 
acce lera t ion  found i n  la rge  dogs a r e  s i m i l a r  t o  those observed i n  heal thy 
human subjects ,  It has been presumed t h a t  the dramatic increases  t o  posi- 
t i v e  values  of i n t r a p l e u r a l  pressure a t  dependent and concomitant highly 



negative values a t  super ior  s i tes  i n  the  thorax were probably a l s o  some- 
what s imi l a r  i n  the two species,  However, the configurat ion of the 
thorax of dogs and men is very d i f f e ren t .  
the dorsal-ventral  dimension of the lungs of an average a d u l t  human (about 
20 cm.) i s  considerably la rger  than the average value of 12 cm. found i n  
the dogs which have been studied. 
i t  would not  be su rp r i s ing ,  therefore ,  i f  considerably g rea t e r  p l eu ra l  pres- 
su re  d i f f e rences  between the superior  and dependent sur face  of the  lungs 
were produced i n  man than by equivalent  l e v e l s  of acce le ra t ion  i n  dogs. 
Since measurement of p leura l  pressures  i s  not considered to  be of s u f f i c i e n t  
proven s a f e t y  t o  be carried ou t  on heal thy human sub jec t s  on the  cent r i fuge ,  
i t  seems indicated t o  carry aut  such studies on experimental animals whose 
thoraces  most c lose ly  simulate those of adul t  men, 

Factors a f f e c t i n g  ven t i l a t ion  and perfusion of pulmonary a l v e o l i  during 
hypergravi ta t iona l  s t r e s s ,  

Also and perhaps more important,  

On t he  basis  of hydros ta t ic  considerat ions,  

(b) 

In  a co-operative study w i t h  D r .  C. Lenfant (Firland Sanatorium, S e a t t l e ,  
Washington), i t  is proposed t o  s tudy  the changes i n  the d i s t r i b u t i o n  of 
a lveolar  v e n t i l a t i o n  t o  perfusion r a t i o s  (VA/Q) throughout t he  lung oc- 
cur r ing  during hypergravi ta t ional  stress and the  t i m e  required f o r  com- 
p l e t e  r e tu rn  t o  normal. Essent ia l ly  the method used w i l l  c o n s i s t  i n  
measuring the p a r t i a l  pressures of 3, Co;! and N2 i n  the  mixed a r t e r i a l  
blood and i n  t h e  m i x e d  a lveolar  a i r  repeatedly during the stress and t h e  
recovery period, 
of oxygen concentrat ion i n  the insp i red  gas (FiOZ). 
respec t ive  s i z e  of the a lveolar  a r t e r i a l  d i f f e rences  i n  o;! and N2 a t  the 
var ious Fi% l e v e l s  during t h e  stress, t h e  cont r ibu t ion  of the f a c t o r s  (shunt,  
l o w  VA/Q) causing t h e  a r t e r i a l  unsaturat ion w i l l  be calculated.  
type of l o w  VA/Q u n i t s  w i l l  be demonstrated. 
the period following the  stress w i l l  serve t o  determine whether or not  a 
complete re turn  t o  normal may be expected, Also, these da ta  w i l l  be used 
t o  ca l cu la t e  the s i z e  of the groups of lung u n i t s  according to t h e i r  VA/Q. 

These measurements w i l l  be done a t  th ree  d i f f e r e n t  levels 
From comparing the 

Also, the  
The same measurements during 

This research is l i k e l y  t o  cont r ibu te  t o  a better understanding of the  
VA/Q d i s t r i b u t i o n  i n  the normal environment of 1 G  a s  wel l  a s  during hyper- 
and hypogravi ta t ional  s t a t e s ,  It may a l s o  lead t o  methods capable of mini- 
mizing these e f f e c t s  and/or increasing the speed of recovery. 

It is planned t o  submit, i n  t he  near fu tu re ,  a research grant  reques t  t o  
NASA f o r  support  of t h i s  co-operative study, 

(c) Study of dynamic changes i n  hea r t  s i z e ,  shape and pos i t ion  during accelera- 
t i on  by ana lys i s  of p ic tures  of  t he  videoimage, the photo exposures having 
been synchronized w i t h  the ECG so a s  t o  occur a t  the  end-systol ic  and end- 
d i a s t o l i c  phases of successive cardiac cycles.  A technic  f o r  obtaining 
biplane s i l h o u e t t e s  of t h e  hea r t  with both images recorded simultaneously 
on each f i e l d  of the video tape i s  being perfected so t h a t  measurements of 
hea r t  volume a t  a frequency of 60 per second w i l l  be possible .  

( d )  Development of videodensitometric technics  f o r  dynamic (g rea t e r  than ca rd iac  
frequency) measurements of the diameters of a s e l e c t e d  blood vesse l  i n  a 
uni- o r  biplane video image and the ve loc i ty  of t r a v e r s a l  of an ind ica to r  
bolus through t h i s  segment of the ves se l  o r  the dimensions and a reas  (vol- 
ume) of bip lane  cardiac s i lhouet tes .  This study r equ i r e s  the development 
of a technic  fo r  dynamic cance l la t ion  of background anatomic s t r u c t u r e s  
surrounding t h e  ves se l s  v i sua l ized  by angiography, 
will be obtained by bucking, i n  opposi te  phase, the c o n t r o l  aga ins t  t h e  

Background cance l l a t ion  
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angiographic port ions of the videotape recording obtained j u s t  p r i o r  to  
and during the passage of the roentgen opaque b o l u s  through the segment 
of vasculature  under s tudy .  This requi res  the use of three videotape 
recorders. Preliminary t e s t s  c a r r i e d  ou t  at t e l e v i s i o n  s t a t i o n  WMtIQ-TV, 
Chicago, i nd ica t e  t h e  f e a s i b i l i t y  of the  technic,  which if successful 
w i l l  make possible  measurements a t  a r a t e  of 60/second of blood flow i n  
any vesse l  i n  an undisturbed s t a t e  i n  t h e  body if the i n t e r n a l  diameter 
of the vesse l  i s  about 2 nun. or m o r e  and if i t  is access ib le  by c a t h e t e r  
technics f o r  i n j ec t ions  of a roentgen con t r a s t  medium. 

Application of this  technic  t o  measurements of changes i n  blood f l o w  to  
cephal ic  and caudal body s t ruc tu res  and lung regions during exposures 
to  headward acce lera t ion  (+Gz) of r ap id  onset, 

Attempts t o  apply t h i s  technic t o  measurement of coronary blood f l o w  
during these  types of s t ress .  

Correlat ion of changes i n  cerebral  blood flow and the electroencephalo- 
gram during headward accelerat ion.  

General remarks i n  r e l a t i o n  to past progress 

It should be emphasized t h a t ,  except for  t h e  
f o r  f u t u r e  inves t iga t ion  (which is cur ren t ly  
there is  no ce r t a in ty  a s  t o  j u s t  when and if 

and f u t u r e  plans: 

f i r s t  of the  above l i s t e d  p ro jec t s  
scheduled i n  the laboratory) ,  
t he  remaining lists of p ro jec t s  

will be undertaken. The f i n a l  decision as t o  the next f u t u r e  pro jec t  which 
offers the g r e a t e s t  l ikel ihood of m a x i m u m  r e tu rn  of valuable  information i n  
r e l a t i o n  t o  the t i m e ,  cost and e f f o r t  involved i s  dependent on the r e s u l t s  
from cur ren t  projects.  This l ist  of p ro jec t s  is, therefore ,  only a s e r i e s  of 
b e s t  guesses as t o  f u t u r e  a c t i v i t i e s  based on our cur ren t  s t a t e  of knowledge. 
The Mayo Centrigue staff feels  its main obl iga t ion  is to  e luc ida te  the  cardio- 
pulmonary e f f e c t s  of acce lera t ion  as expedi t iously as possible.  This obliga- 
t i o n  e n t a i l s  freedom t o  a l t e r  the chronology and na ture  of the  attack on 
various phases of t h i s  problem a s  understanding of the r e l a t i v e  importance of 
these  phases evolves i n  the l i g h t  of the cur ren t  data .  

This type of a l t e r a t i o n  i n  t h e  chronology and na ture  of the l abora to r i e s  a t -  
tack on a s p e c i f i c  problem i s  well i l l u s t r a t e d  i n  the case  of the objec t ives  
l i s t e d  for  NASA Grant NsG-327 which were t o  develop the required c ine  roentgeno- 
graphic technics  and t o  apply them t o  roentgenographic s t u d i e s  of the  pulmonary 
c i r c u l a t i o n  i n  man. This project  was given f i n a l  approval by NASA October 1, 
1962. The technic  ac tua l ly  being used is based on videotape r a the r  than c ine  
recording. Due to the manufacturer's a l t e r a t i o n s  i n  design and spec i f i ca t ions  
of the videotape recorder,  del ivery of the tape recorder t o  the laboratory w a s  
delayed u n t i l  June 1963. Completely new e l e c t r o n i c  technics  for  measurement 
of var ia t ions  i n  roentgen opacity of any desired a rea  of a tape recorded video 
image were then worked o u t  and the device tested and put i n t o  operation i n  
s t u d i e s  a t  1 G  in September 1963. Since then, six preliminary repor t s  have been 
prepared and published and several  more a r e  i n  preparat ion descr ibing t h i s  ex- 
c i t i n g  new video device and results obtained therefrom. 

In  s p i t e  of a l l  pressures  t h a t  could be brought t o  bear, the s p e c i a l  ruggedized 
image intensifier-image or thicon assembly for use on the  cent r i fuge  was not 
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de l ivered  u n t i l  December 1963. I n s t a l l a t i o n  of t h i s  assembly i n  a newly 
designed and fabricated cockpit  on the centr i fuge w a s  completed March 1964. 
Since tha t  time a s e r i e s  of centr i fuge experiments with dogs has  been car- 
r i e d  out using t h i s  assembly. The r e s u l t s  from these  experiments which a re  
s t i l l  undergoing ana lys i s  have formed the  b a s i s  of f i v e  preliminary r epor t s ,  
one of which has been published and four  of which a r e  i n  press,  

L -  

4 

During the  course of these  in tens ive  s t u d i e s  w i t h  t h i s  new technic ,  it has 
been found necessary to  redesign nearly a l l  of the e l ec t ron ic  c i r c u i t r y  i n  
the inage or thicon video assembly so a s  t o  be able  t o  use the videodensito- 
rceter as a quan t i t a t ive  instrument f o r  dynamic measurements of concentrat ion 
of con t r a s t  media a s  w e l l  a s  a q u a l i t a t i v e  recording device, 
tometer i t s e l f  has now undergone redesign and w i l l  be replaced by a new densi- 
tome t e r w i t h  g rea t ly  improved c h a r a c t e r i s t i c s  , 

The videodensi- 

These delays and d i f f i c u l t i e s  have been out l ined  i n  p a r t  i n  t he  f o u r  semi- 
annual NsG327 s t a t u s  repor t s  submitted t o  NASA during the grant  period. 
Their magnitude and complexity is not unexpected i n  a pro jec t  of t h i s  degree 
of technica l  d i f f i c u l t y .  Of  greater  importance i s  the  f a c t  t h a t  the Mayo 
Centrifuge staff possessed a s u f f i c i e n t  degree of f l e x i b i l i t y  t o  keep t h e  
o v e r a l l  p ro jec t  going i n  a very ac t ive  and productive fash ion  while  these 
technica l  d i f f i c u l t i e s  were being surmounted, ?he laboratory is  only now 
a t  a s tage  where i t  appears t h a t  quan t i t a t ive  roentgen videodensitometric 
s t u d i e s  of the pulmonary c i r cu la t ion  can be car r ied  out  with reasonable 
assurance of success. 
above , 

These a r e  planned for the coming year  as out l ined  

V. A summary of a port ion of t h e  r e s u l t s  of the most recent ly  completed cen t r i -  
fuge experinients is given i n  the following p rep r in t s  of manuscripts t o  be 
given a s  p e r t  of t h e  s c i e n t i f i c  programs of Apr i l  1965 meetings of the  A e r o -  
space Medical Association and Federated Soc ie t i e s  of Experimental Biology. 

E a r l  H. Wood, M.D., Ph.D, 

EHW: JF 

Enclosures : 
Pleura l  Pressures i n  Dogs During Transverse Acceleration, Rutishauser e t  a l .  
Ef fec t  of Forward, Backward, Right La tera l  and Left  L a t e r a l  Acceleration 

Pe r i ca rd ia l  Pressures i n  Different Body Posi t ions During Transverse Acceler- 
on Blood Oxygen Saturat ion i n  Dogs, Banchero e t  a l ,  

a t i o n  i n  Dogs Studied Without Thoracotomy, Banchero e t  al .  
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PLEURAL PRESSURES I N  DOGS DURING TRANSVERSE 

,.. s ~ c i s h a u s e r ,  M.D., N. Banchero, :*1,3.. A. Tsaki r i s ,  
E. H .  Wood, M.D., Ph.D. 

4ayo Clinic ,  Mayo Graduate School of Medicine, Rochester, Mir.r.csat2 

-. ven morphine-pentobarbitized dogs were exposed t o  forward (+G: j, bet.:, :-rU 
(-Gx), r i g h t  l a t e r  (++I and l e f t  l a t e r a l  (-Gy) acce le ra t ions  a t  avrrzge ievels 

L- 2.1, 4.3 :-nd 6 . 6 G  i n  each d i r ec t ion  w h i l e  the anima:s were s u p m r t e d  I C  
.Ided half-body cas t s ,  P leura l  pressures a t  a do r sa i  (paravertebrzl :  , ven.:zt- 

;?:roe cPrnai), a l e f t  and a r i g h t  l a t e r a l  s i t e  i n  the thorax a t  the i eve l  ~f - 
-.ecLr'T bere measured simultaneously by sa l ine - f i l l ed ,  percutaneously in se r t ec  
Ladio-ioaqur ;eflon ca the te r s  ( I . D .  and O.D.: 0.7 and 1.3 mm,, r espec t ive ly)  ci.- 
. i e c t e ~  i o  P253 Statham gauges. In addi t ion,  airway pressure,  esoohagezl, per i -  
c a r d i s l  and c i r cu la to ry  pressures  from ao r t a ,  r i g h t  v e n t r i c l e  and b o t .  a t i i b  a s  
well LS oxygen sa tu ra t ion  of femoral and pulmonary a r t e r y  blood w e f t  Lecorded 
cc -nuously (see prepr in t  by Banchero e t  a l ) .  

Corrections for  the e f f e c t  of accelerat ion on the catheter-manometer S I -  

..<re determined by " this t le- tube runs" (Figure 1). These a r e  s p e c i a l  ruiAs 
posed w i t h  th2 ac tua l  pressure recording runs during which the s t r a i n  gauge 
closed t o  t h e i r  ca the t e r s  but opened via t h e i r  hydraulic f lu sh ing  sys tcns  tL 
v e r t i c a l  g l a s s  cy l inders  located on e i t h e r  s i d e  of the thorax about a t  the 1ZiJ:- 

of the A-V v t i v e s  i n  the cephalo-caudad dimension of the dog. The s a l i n e  Eenisc: 
(zero reference l eve l )  i n  these interconnected cy l inders  were adjusted t o  the nid- 
lung -cvel, Juring the  th i s t le - tube  run, the  r a t e  of cent r i fuge  rotctior. nn6 the  
a c - -  cf tiit of the cockpit  are set the same a s  during the acix; z 3 s ~ ~  x n .  
_. z re i c re  the basel ine s h i f t ,  due t o  the e f f e c t  of acce lera t ion  - 
&. The hydros ta t ic  system, is determined so t h a t  a l l  p ressures  caz be r e f -  .il 

TO the  l e v e l  of the respec t ive  ca the te r  t i p s  on the b a s h  \3; :ne v e r t i c a l  o ~ s , ,  e 4 

n. 
- i L L  tr:.. -ZTS 

- r  

mia-lung leve l .  P leura l ,  esophageal and pe r i ca rd ia l  press:.res were also cc - ,  

-,f each t i p  -,-om mid-lung plane measured from biplane x-rzvs raker, ~t expiraTior; 
T I- about 5 5  seconds of exposure, 

rill dogs were subjected t o  necropsy a t  the end of the experix-..: -. ve;- ;he 
pos i t ions  of the catheters .  The thoraces were opened under wan.:. .\.G air :C 

of the lungs of adu l t  men are about one-third l a r g e r  than thos,- sf - 2  dogs 

be de tec ted  i n  the  p l eu ra l  space of the animals on which t h i s  XC+JL-; -5 b ~ .  
Figures 1-3 p a r t i a l l y  summarize t h e  r e s s l t s ,  Since the dorsal- ei-iZraL dicit-- - 

the  l e v e l s  and d i f fe rences  i n  p l eu ra l  gzessures a t  s i ini lar  i e v e L a  i, -ccele- 
would be expected t o  exceed those recorded i n  th i s  study althougk c i i i e r e n c r  
the configurzt ion of t h e  thorax may r e s u l t  i n  regional  d i f f e rences  ;--I the  2 .  
species .  (Stpported by research grants  NASA N s G 3 2 7 ,  N I H  HE-03532, ana AEk .. 

- -  

2:e 1: I l l u s t r a t i o n  of method f o r  obtaining zero reference pressure l e v e l s  - --.- 
aLzi:.g centr i fuge ro t a t ion  and f o r  determinatioz of pressure a t  the  t i p  of an 
i n t r a p l e u r a l  ca the t e r  using biplane roentgenograms. "A" and "B" i nd ica t e  x-ray 
p l a t e s  f o r  l a t e r a l  and A-P project ions of the thorax. 

The center  oval i nd ica t e s  a cross-section of the thorax a t  the lc-v*?l 03 
. .?art (cross-hatched area) .  The lungs a r e  indicated a s  s t i pp led  ai<- . ,> an:. , 
f l u i d  columns i n  the ca the t e r  (C), strain-gauge manometer (PI ana ~ ~ . ~ b t l e - ~ , .  - 
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T s y s t e m  (My and M2) by diagonal  l ines .  The zero  reference pressure s e l e c t e a  ior 
the s t r z i n  ;Luge (P) is a t  rid-lung level. 6 

MEASUREMENTS FOR DETERMINATIONS OF PRESSURE 
AT CATHETER TIP DURING ACCELERATION ( - G x )  

X - R A Y  SOURCE 
(Position 1 )  

X - R A Y  SOURCE 
{Position 2) 

A X I S  
o f  CENTRIFUGE 

1 -  

I 
\ \ I -  i 

I 

,7- AT., ;eve- af the  menisci of the  b i l a t e r a l  th i s t le - tube  system vi,-,iizec 
;ne x-ray by lead  containing f l o a t s  i s  adjusted t o  mid-lung l e v e l  2- ,?tc. 
roentgenographically. The zero reference pressure of the manometer Is tnc;. 
determined by closing stopcock S i  and opening stopcock S2 s o t h a t  the str&i:.- 
gauge manometer is  exposed t o  a f l u i d  column whose meniscus i s  a t  m i d - ? w g  
and exposed t o  ambient atmospheric (zero) pressure. The height  of the rsdis-I;,?;. c 
ca the te r  t i p  (TI above t h i s  mid-lung l e v e l  i s  determined by measurernenr of it- 
position from the  biplane roentgenograms (A) and (B) w i t h  appropriate  geoxesir -i 
cor=?ct ions f o r  d i s t o r t i o n  due t o  divergence of the respec t ive  roentgen b e x  
2 ic-lbares - _  recorded a t  **Ptr can then be corrected t o  t h e  desired point  "T" at 
aznc-er t i p ,  which i n  t h i s  ins tance  is a t  the d o r s a l  sur face  of t h t  _ung, > - 3  

l ?  

-:.?e angle from the  v e r t i c a l  of the  r e su l t an t  vector -Gx of the  centr:.Detal 
ce l e rz t ion  (R) and t h e  1 G  force of gravity. 

. - 

Figu:e 2: Average and range of d i s t o r t i o n  and displacement of k z - t  ar;d 
_1_- 

lungs i n  7 dogs by exposure t o  an acce lera t ion  of 6 t o  7 +&. 
normally t h i n  region of lung parenchyma between the ven t ra l  border of che . -  
and t h e  ches t  wall a t  1 G  ( le f t  panel)  is apparently distended durir.; \ *s?s> 
t o  6 t o  7 G  ( r igh t  panel)  to occupy a l a rge  port ion of the cross-sections: 
of the  chest. This is caused by the  highly negat ive r e t r o s t e r n a l  intrap:<- 
pressures  which develop dur ing  acce lera t ion  while t h e  l e v e l  oi atmospheric 
sure  d is tendiag  the a l v e o l i  is undiminished and i s  responsible  for t h e  d i s rup t ion  
of puinonary 2arenchyma which has been observed under these  conditions.  

Note .+kt t h e  
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T O P O G R A P H I C  R E L A T I O N  O F  H E A R T  A N D  L U N G S  
D U R I N G  FORWARD A C C E L E R A T I O N  

( M E A N  V A L U E S  O F  7 DOGS - Level of S ix th  Vertebra)  

IG 
, += Mean and " 

3 z 4 -  
3 

' 2 -  
4 

a - 
0 -  

E 
2 -  

% 

E 4 -  
u 

,e- 

6 G  - 7 G  

u 1 * 1 * 1 1 1 , 1 , (  

6 4 2 0 2 4 6  
R i g h t  L e f t  R ight  Lef t  

cm. f r o m  MID - S A G I T T A L  P L A N E  

INFLUENCE OF FORWARD (+Gx) AND BACKWARD ( -Gx)  
ACCELERATION ON INTRAPLEURAL PRESSURES 
AT DORSAL AND VENTRAL SITES IN 7 DOGS 

Pressure Values 

I 

-60 -30 0 30 60 

KJt CATHETER T I P  fcm. HzOI 
END -EXPIRATORY PRESSURE 

Figure 3 (Upper Panel) 

Graaient 

m n  SSEM 

Height o f  Recording Sites ( c m  h , O / G . c m . )  

0.73 d0.34 

0.70 k0.08 

0.63 i0.06 
0.68 i0.05 

0.92 i0.07 
0.73 d0.07 

0.89 k0.05 

0.91 30.06 

4 0 -4 -8 
DISTANCE above 
MID - LUNG (cm.) 
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c Figure 3 (Upper Panel): Influence of forward (+&I and backward (-Gx) 
acce le ra t ion  on i n t r a p l e u r a l  pressures a t  d o r s a l  (paravertebral)  and vent ra l  
( r e t r o s t e r n a l )  s i t e s  i n  the thorax of 7 dogs. 
regions i n  the  thorax, i n t r a p l e u r a l  pressures increase t o  pos i t i ve  values a t  
the higher l eve l s  O f  acce le ra t ion  so  that lung col lapse and pulmonary a r t e r i a l  
venous shunts would be expected t o  occur i n  these regions. Concomitantly 
highly negative values of in t r ap leu ra l  pressure occur i n  super ior  regions of 
the  thorax. 

Note t h a t  i n  the  dependent 
I 

INFLUENCE OF RIGHT LATERAL (+Gy) AND LEFT LATERAL (-Gyl 
ACCELERATION ON INTRAPLEURAL PRESSURES 

AT LEFT LATERAL AND RIGHT LATERAL SITES IN 7 DOGS 

Pressure Values 
I 

-60 -30 0 30 60 
END -EXPIRATORY PRESSURE 
ot CATHETER TIP (cm. H z O )  

Gradient 

- Mean SEM 

Height of Recording Sites (cm. H*O/G.  cm. )  

0.-78 ~ 0 . 6 8  

0.83 30.04 

0.90 *0.05 

0.70 30.06 

1.03 30.11 
1.06 30.11 

0.84 30.10 

0.87 30.15 

8 4 0 - 4  -8 
DISTANCE above 
MID - LUNG Icm.) 

Figure 3 (Lower Panel): Analogous values  determined a t  b i l a t e r a l  thorac ic  
s i t e s  during la teral  acce lera t ion ,  plus and minus G Y’ 

Note that  the in te rpola ted  va lues  for p l eu ra l  pressures  a t  zero G ( in te r -  
s ec t ion  of dashed l i n e s  a t  zero G axis) a r e  c lose ly  s imi l a r  (about -6 cm. H2O) 
a t  these four  d i f f e r e n t  s i t e s  i n  the thorax as  would be expected under weight less  
conditions.  Analogous esophageal pressures a t  zero G were about -3 cm. H20 which 
supports the  f h d i n g  that  estimated pleurzl  pressures cor rec ted  t o  the same 
. - p - - -  I _ -  .-CE, z*”lgr.; E S  -be e+c;kzgez1 tz-+kr,ezer zip were 2 to 3 cizi, E20 xore negz t i r e  
thnn the esophageal pressure. Tie equal i ty  of p leura l  pressure values  a t  d i f f e r e n t  
s i t e s  i n  the thorax a t  zero G confirms the  conclusion t h a t  the d i f f e rences  i n  p l eu ra l  
pressures ,  which have been observed a t  d i f f e r e n t  s i tes  i n  the  thorax i n  the normal 
1 G  environment,are caused by the  w e i g h t  of the  thorac ic  contents.  

- _ -  -~ 



! j  THE EFFECT OF FORWARD, BACKWARD, RIGHT LATERAL AND LEFT LATERAL ACCELERATICN 
ON BLOOD a Y G E N  SATURATION IN DOGS 1 -  

8 r +  N, Banchero, M.D., W, Rutishauser, M.D., A. Tsaki r i s ,  M.D., R. E. S t u m  and 
I E. H, Wood, M.D., Ph.D. 

Mayo Cl in ic  and Mayo Graduate School of  Medicine, Rochester, Minnesota I 
'1 
i 

In  seven dogs under morphine-pentobarbital anesthesia ,  blood oxygen sa tura-  
t i ons  f r o m  femoral and pulmonary a r t e r i e s  were recorded continuously by cuvet te  
oximeters during 60-second exposures t o  t ransverse acce le ra t ion  w i t h  t h e  animal 
supported i n  four  d i f f e r e n t  body posi t ions by half-body cas t s .  
of exposure i n  each body pos i t ion  were 2.1, 4.4, 6.7 and again 6 -76  corresponding 
t o  forward (+&I, backward (-&I, r igh t  l a t e r a l  (+%I, and l e f t  l a t e r a l  (+I ac- 
c e l e r a t i o n  while  t he  animals were breathing r o o m  a i r .  In  f i v e  animals,  add i t iona l  
exposures to l e v e l s  of 6 t o  7 G  were ca r r i ed  out i n  each body pos i t i on  w i t h  t h e  
animals breathing 99.6% oxygen. I n  fou r  animals, exposures t o  forward accelera- 
t i on  were repeated between 10 and 16* hours a f t e r  t h e  first s e r i e s  i n  the same 
posit ion.  In  one dog (#7), an added s e r i e s  of exposures t o  barkward acce le ra t ion  
was performed a t  the end of t h e  experiment. 
corded a t  the o r a l  end of an endotracheal tube. Thoracic roentgenograms were 
taken a t  1 G  
l e v e l  of acce lera t ion .  I n  addi t ion,  pressures  were recorded from both a t r i a ,  
r i g h t  v e n t r i c l e ,  a o r t a ,  esophagus and t k p o t e n t i a l  p l eu ra l  and p e r i c a r d i a l  spaces 
(see prepr in t  by Rutishauser e t  a l l .  

Average l e v e l s  

Airway pressure v a r i a t i o n s  were re- 

and repeated approximately 55 seconds after attainment of the plateau 

The r e l a t i o n  of t o t a l  cumulative exposure t o  the th ree  l e v e l s  of acce le ra t ion  
i n  the f o u r  body pos i t ions  s tudied to  con t ro l  (1G) card iac  output  and con t ro l  
( 1 G )  femoral a r t e r y  oxygen sa tu ra t ion  i s  shown i n  Figure 1. The dura t ion  of 
the experiment i s  on the absc issa ,  zero corresponding to the t i m e  the dog was 
placed i n  the cent r i fuge  cockpit. 

Average cont ro l  values f o r  cardiac output  a t  the beginning of the experiments 
and approximately 89 and 154 hours a f te r  zero time of 1.7, 2.1 and 1.9 L,/minute, 
respec t ive ly  were not  s i g n i f i c a n t l y  d i f f e ren t .  

No systematic  d i f fe rence  i n  femoral a r t e r y  oxygen s a t u r a t i o n  was observed 
comparing the con t ro l  ( 1 G )  values obtained i n  the  d i f f e r e n t  body pos i t i ons  before  
the s e r i e s  of exposures i n  tha t  pos i t ion  were performed and con t ro l  va lues  ob- 
ta ined a t  t h e  beginning of the experiments. 

Usually recovery of femoral a r t e ry  oxygen sa tu ra t ion ,  a f t e r  exposures t o  a 
s e r i e s  of d i f f e r e n t  l e v e l s  of acce lera t ion  i n  a given body pos i t ion ,  was not  
complete i n  the f i v e  t o  fif teen-minute i n t e r v a l s  between t h e  exposures. There- 
f o r e ,  1 G  cont ro l  values p r i o r  t o  exposures t o  4-5 and 6-7G were general ly  
lower than the  1 G  cont ro l  value observed j u s t  p r i o r  t o  the  i n i t i a l  exposures, 
which was t o  2G, i n  each posi t ion.  

A comparison of t he  effects of simi3ar l e v e l s  of t ransverse  acce le ra t ion  
on oxygen sa tu ra t ion  of a r t e r i a l  blood, when i n  d i f f e r e n t  body pos i t ions ,  is 
shown i n  Figure 2. 

During exposures t o  2.1G, no systematic changes i n  a r t e r i a l  oxygen satura-  
t i on  occurred i n  the four  d i f f e r e n t  body pos i t ions .  During t ransverse  acce le ra t ion  
to 4 t o  5G, the mean decreases  i n  sa tura t ion  of 13, 7 ,  13, and 18% caused by +cx, 
+, +Gy, and -Gy, respec t ive ly ,  were not s i g n i f i c a n t l y  different .  me respec t ive  
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- c - .  7 I - -  
L - ,,b j ? o s i t i o n s ,  t he  adminis t ra t ion of oxygen delayeL I - ..I.. 

C1.C - r i a l  desa tu ra t ion .  Thoraclc roentgenogram skov;cc cis-- i .c c)̂ 

*--ozs of .n,- lungs.  These s t r iK ing  decreases  i n  zr:<-rLL- w:;,~,  * _  
- i n g  -tar.: e.-,? a c c e l e r a t i o n  are similar t o  those o ? J s 2 i v d ~  : . _.. _...+ - . _  

.'i~ ok dr ;;ring the launch and re-enrry phases  of i~.:~;:~, . L .3 . 
r e s u l r  -' La dependent pulmonary a t e l e c t a s l s  and concc* - 23: - 

- 2- ~ 

: z :  ,*Jards t h e  dependent p a r t s  af ti-e thorax and i n c r e a s e  i n  
_ I -  - ,- 2 .iidenr region w i t h  concom;Lmr ;acre-se i n  rauiofrzc..-,c;. :- 

.y .. ii sub jec t s .  Presumably t h e r e f o r e ,  s i n i i ; r  c<s 0; ,-;L'r 

- _ _  - _ec  " 7 , .  >. I, a:\ ~ l i  which t h e s e  l e v e l s  of a c c e i z i t t i c n  pr~,,:?. < 
,- - 'AS. sG-327, N M  HE03532, and AHA C. 10.) 

R E L A T i O N  OF T O T A L  C U M U L A T I V E  E X P O S U R E S  TO T R A N S V E R S E  ACCELERATI3N 
TO CGNTROL A R T E R I A L  OXYGEN SATURATION AND C A R D I A C  OUTPtiT AT I G  

( 7 Dogs, Morphine - Pentobarbital  Anesthesio  I 
L j - i -  - 
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T I M E  ( h o u r s )  

-3VC'" . Figure 1: Re la t ion  of t o t a l  cumulative 60-second exposures 7 ,  YL 

a c c e l e r a t i o n  a t  l e v e l s  of 2, 4, and 6 to  7 G  t o  the c s r i t r o l  (1G) :al ,:-e:7 
0:: ;a s a t u r a t i o n  and c a r d i a c  ou tpu t  a t  1G. The two upper paneia : ir: L A  

- 
's f o r  t h e  7 dogs s t u d i e d ,  i d e n t i f i e d  by t h e  r e s p e c t i v e  symbois, Z e i G  . 

.. ,zken a s  tf;e tic? when the dog was Dlaccd in t he  c e n t r i f u g e  cot'.- i:. 
average t o t a L  cunul;;ive exposure to t1.e t h r e e  l e v e l s  oi ~ C c e i ~ i ~ ~ - . , - .  -.-. 
c i f f e r e n t  p o s i t i o n s  s;,cied and ranges .ire ,ioiun i n  ?he ic;.icz :..:-de ?>:-.e~s. 
i a lues  f o r  c a r a i a c  out?u; were determined w r  .e dye-di lut ion teciinic z :  -. 
cur in ,  the experiment when dogs were a t  1.S showea no sys2en;aiic G ~ V L  - - 
w i t h  du ra t ion  of the procedure. Similar ,y  the  va lues  f o r  Lr t s r i s l  0x7 

. 



4 

^ F  ~ s&* . .~  f ,;ion zP IC: 'io exposure to increased l e v e l s  of 5. c\. -1. .I\ 

I .  : w e :  20: p;g:iificantly d i f f e r e n t  and shoi:tri: .,i. ~ . ^ L _  

f 

.s- .- ~ e c r e a s c  i r i  a r t e r i a l  s a t u r a t i o n  dGFir,g I iz . i v i ~ , . ~ - ~  .- 
- 

I d L . , c i m  01 :he procedure. However, i n  SGLC L ~ , .  , 
6 - 

L:?.. sepa ra t ed  by i n t e r v a l s  of 5 to  15 minu.c,,. 

E F F E C T  OF T R A N S V E R S E  A C C E L E R A T I O N  ON O X Y G E N  S A T U R A T I O N  
OF A R T E R I A L  BLOOD IN 7 DOGS A F T E R  55 S E C O N D S  EXPCSURE 

(Morphine-Pentoboibital Anesthesia) 

8 T  8 r  

1 I 1 I 1 1 

FEMORAL ARTERY OXYGEN SATURATION (%) 
60 -8. ' -81 ' 

IO0 80 60 I O 0  80 

T i g ~ r e  2: Comparison of the  e f f e c t s  a f t e z  55 second: of  expor~1zt- -; sLzi la r  
- ?  I c v e l s  of t r z x v e r s e  a c c e l e r a t i o n  i n  fou r  d - z f c r x -  L jody p o s i t i o n s  G: ;x;lzt'r. 

s a t u r a t i o n  0. a.=:c.rial blood. Values obtair;ed ia TLS supine  (+G,) ~ prr3~.~ 

cub i tus  (-%. and l e f t  decub i tus  (+Gy) i n  t h e  r i g h t ,  Each symboi . - : ?sez  

o5sr r  cd a t  1G j u s t  p r i o r  t o  each exposure) a r e  connected by the  ,:r.zs t o  _ _  
r?s:r ? i v e  va lues  obta ined  approximately a minute l a t e r  dur ing  exposure t.; c - 
- - - L - - -  :-ion. Systematic  changes i n  a r t e r i a l  s a t u r a t i o n  were no t  observed 

.:I- rcant  decreases  in a r t e r i a l  s a t u r a t i o n  occurre-  ..rFth one except ion c.. 
,ch exposure t o  4-5G and uniformly more seve re  deg-  ~ of a r t e r i a l  hypoxs-.- 

, - aU- t2d  a t  6-7G. Note tha t :  (1) the decrement i n  ~ : - ~ : ; a l  s a t u r a t i o r ,  dur 
_.. :x?osure , - i ~  not vary sys t ema t i ca l iy  with the  c o n t r o l  (1s) value f o r  ar-  
' t s - : ~ -  ha tu fa t ion  obtained j u s t  p r i o r  t o  the  exposure,  (2) t h e r e  was so clez.,riy 
2vFder-t d i f r 'zrence between the  r e s u l t s  ob ta ined  i n  the  supine (+Gx) and prone 
C-Sx> p o s i t i o n s  and, (3) the degree of a r t e r i a l  hypoxemia was somewhat more 
severe i n  th. l a t e r a l  (+G and -Gy) decubi tus  p o s i t i o n s .  

(-Gx) positi. ,ns are shown i n  t h e  lef t -hand panels  aild those  ir. tk, . I t  Li 

an ind iv idua-  dog as ind ica t ed  i n  Figure 1. The c o n t r o l  va lues  (I, t h G b  

.__.._. 

Y 



PERICARDIAL PRESSURES I N  DIFFERENT BODY POSITIONS 
DURING TRANSVERSE ACCELERATION I N  WGS STUDIED WITHOUT ll-IORACO?DMY 
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N. Bmchero, M.D., W. Rutishauser, M.D., A. Tsaki r i s ,  M. Do and 
E. H. Wood, M.D., Ph.D. 
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Mayo Cl in ic  and Mayo Graduate School of Medicine, Rochester, Minnesota 

RIGHT IATERAL 

1.0 2.2 4.3 6.6 

-1.3 -1.1 -0.4 -2.0 

-5.3 -2.5 -2.0 11.2 

P e r i c a r d i a l  pressures  were measured v i a  a percutaneously introduced 
f l u i d - f i l l e d  t e f l o n  ca the te r  (O.D. 1.3 mm.) before and during one-minute 
exposures t o  forward (-1, backwaxd C-GJ,  r i g h t  l a t e r a l  (+Gy) and l e f t  
l a t e r a l  (-Gy) acce le ra t ion  a t  t h e  average l e v e l s  shown below. Pressures  
were a l s o  recorded from both a t r i a ,  r i g h t  ven t r i c l e ,  aor ta ,  esophagus 
and t h e  po ten t i a l  p l eu ra l  spaces. The t a b l e  shows average values of mean 
end-expiratory pe r i ca rd ia l  pressures  r e fe r r ed  t o  ca the te r - t i p  l e v e l  and 
the v e r t i c a l  d i s t ances  (an.) of the ca the t e r  t i p  above t h e  mid-lung reference 
plane. 

LEFT LATERAL 

1.0 2.1 4.3 6.7 

-0.7 -1.3 -1-1 -1.8 

-3.0 0.7 6.3 18.3 

Accelerat ion (GI 

Ver t i ca l  Distance 

P res su res  (cm. H2O) 

Accelerat ion (GI 

V e r t i c a l  Distance 

I 1 

. .. 

Relat ionships  between p e r i c a r d i a l  pressures  and v e r t i c a l  pos i t i ons  were ' 
as  expected f o r  a hydros ta t ic  sys tem under a l l  condi t ions s tudied (Figure 1). 
Since mean a t r i a l  pressures  a l s o  behave as a hydros ta t ic  system, transmural 
r i g h t  and l e f t  a t r i a l  pressures  were l a rge ly  unaffected by t ransverse  accelera-  
t i on  i n  s p i t e  of l e v e l s  of pe r i ca rd ia l  pressure which averaged over 30 cm. H20 
a t  6-7G when i n  the  prone pos i t ion  (Figure 2). (Supported by Research Grants 
NASA NsG-327, N I H  HE03532, and AHA CI 10.1 
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Figure 1 (Upper and Lower Panels): Variations of pe r i ca rd ia l  pressure 
w i t h  the  l e v e l  of acce lera t ion  and the v e r t i c a l  height  of the recording 
s i t e  i n  the  thorax of 7 dogs s tudied without thoracotomy. 

INFLUENCE O F  FORWARD ( + G x )  A N D  BACKWARD ( - G x )  
ACCELERATION ON I N T R A P E R I C A R D I A L  P R E S S U R E  I N  7 DOGS 

Pressure Values Height of Recording Site 

I I 

-8L60' ' -io' ' 0 ' ' ' 30 ' ' ' 60 ' 
M E A N  E N D  - E X P l  RA TORY PRESSURE 

at  C A T H E T E R  T I P  (cm.  H 2 0 )  

u -$ 4 0 -4 -8 
D I S T A N C E  above 
MID - L U N G '  (cm.) 

Figure 1 (Upper Panel): 

Note i n  the right-hand panel t h a t  when the dog was supine (+G, acce lera t ion) ,  

Gx Acceleration 

the ca the t e r  t i p  was above (ventral  to)  the mid-lung plane a t  1G i n  every 
instance but was displaced progressively lower i n  the thorax with the  dorsal-  
ward movement of the hear t  a t  higher l eve l s  of accelerat ion.  When the  dog was 
prone (-% acce lera t ion) ,  however, the hear t  w a s  r e s t i n g  on the sternum a t  1 G  
and there  was p r a c t i c a l l y  no addi t ional  downward (vent ra l )  displacement during 
accelerat ion.  Note also t h a t  pressure a t  t he  ca the te r  t i p  ( l e f t  panel) became 
increasingly pos i t i ve  with increasing acce lera t ion  if the c a t h e t e r  t i p  was 
located below mid-lung l e v e l  and v i ce  versa. The average l e v e l  of per i ca rd ia l  
pressure in te rpola ted  to  zero G ( in te rsec t ions  of dashed l i n e s  with zero G l i n e )  
was about -3 cm.  H20, 
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INFLUENCE OF R I G H T  LATERAL ( + G y )  A N D  L E F T  L A T E R A L  ( - G y )  
ACCELERATION ON INTRAPERICARDIAL PRESSURE IN 7 DOGS 

Pressure Values Height of Recording Site 

8r I 

- 8 q  
-60 -30 0 30 60 

M E A N  E N D  - EXPIRATORY PRESSURE 
at CATHETER T I P  (cm. H20) 

u 
-88 4 0 -4 -8 

D l S T A  NCE obove 
M I D - L U N G  ( c m . )  

F i g u - e  1 (Lower Panel): G,, Acceleration 

Note t h a t ,  as is the case for Gx accelerat ion,  progressively more posi- 
t i v e  pe r i ca rd ia l  pressures  were recorded w i t h  increasing acce lera t ion  when 
the ca the t e r  t i p  was below mid-lung l eve l  and v i ce  versa. 

The average of the  in te rpola ted  values for  p e r i c a r d i a l  pressure zero  G 
(when the  dogs were i n  the right and l e f t  decubi tus  pos i t ions)  of about -3 cm. 320 
was not  s i g n i f i c a n t l y  d i f f e r e n t  f r o m  the mean value of -3 cm. H20 obtained for 
the  prone and supine posit ions.  This is confirmation of the hypothesis t h a t  
the d i f f e rences  i n  pe r i ca rd ia l  and p l eu ra l  pressures  a t  d i f f e r e n t  s i t e s  i n  the 
thorax abserved during exposure to  1 G  and above a r e  caused by the  weight of 
the  trioiacic contents  s ince ,  if t h i s  were t h e  case,  these d i f f e rences  would be 
expected t o  disappear under conditions of weightlessness. 
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INFLUENCE OF FORWARD ( + G x )  A N D ,  8ACKWARD ( - G x )  
ACCELERATION ON ATRIAL PRESSURES 

(Values in 7 Dags, Morphine - Pentobarbital Anesthesia) 

A trial Pressures 

-8 
-20 0 20 

8r I RIGHT 

-8 
-20 0 20 

PRESSURE REFERRED to MID - LUNG 
(cm. H201 

- 

Transmural Pressures 
(A t r ia l  - Pericardia l )  

8r I LEFT 8; I RIGHT 

4 

0 

-4 

- 8 A -  
-20 0 20 

PRESSURE ot P E R l C A R D l A L  
CATHETER T IP  (em. H 2 0 )  

---@re 2: Relat ion of a t r ia l  pressures to  the  l e v e l  of t ransverse  acce-cr- 
azzon when i n  the  supine (+GJ and the  prone (-&I body pos i t ions ,  

>t ( l e f t  panels) that  a t  mid-lung l e v e l  there  was only a s l i g h ;  .;yste:- 

rcce le ra t ion .  This ind ica t e s  t h a t  the hydros ta t ic  indifference poi  of at - 
.,_ essure i n  cogs is a t  approximately mid-lung leve l .  However, sir. - m e  av  ,-c 

Lorsal-ventral  dimension of the lungs of these  dogs was 12 cm., ti?- -ndicat t .s  
that a t  +7Gx the  pulmonary venous pressure a t  the most dependent ;sal) re- 
gions i n  the lungs averaged about 50 cm. H20 i n  these same dogs while a t  - 7 G x  
the pulmonary venous pressure a t  the  most dependent (vent ra l )  regions i n  t h e  
Lungs averaged about 60 cm, H2O. Since these values  a r e  f a r  i n  excess of the 
colloido-osmotic pressure of the  plasma, rapid formation of pulmonary edema 
ir. dependent regions of the  lungs would be expected to  occur a t  these l e v e l s  
acce lera t ion  - i n  add i t ion  to  t h e  dependent pulmonary a t e l e c t a s i s  which deVei- 
t--i -use of t h e  pos i t i ve  va lues  for pleural  pressure which have been demonstrL. - 
ro x c u r  i n  these  same regions of t h e  thorax under these conditions.  
of the in te rpola ted  values for zero G ( in t e r sec t ions  of dashed l i n e s  w i t h  zero G 
lir.e) of about 2 cm. H 2 0  for l e f t  a t r i a l  pressure w a s  s l i g h t l y  g rea t e r  t han  the 
x t e r p o l a t e d  average value of 1 cm. H20 obtained for r i g h t  a t r i a l  pressure i n  the 
deigh t l e s s  c m d i  t ion.  

ir,,,ease i n  a t r i a l  pressures  i n  these 7 dogs over t h e  range from 4- to - 

The average 

Note ( r i g h t  panels) transmural a t r i a l  pressures  (i.e,, the differer.ces be- 
tween a t r i a l  and pe r i ca rd ia l  pressures corrected to  the same v e r t i c a l  2 ig ; l t  i n  
the thorax) -..?re not sys temat ica l ly  affected by the l e v e l  of accelerasion ir?. the  
range from pi IS t o  minus 7%' ind ica t ing  t h a t  t h e  volume of blood i n  t n e  - iia 
prob&b,y is not g rea t ly  changed by t ransverse acce lera t ion  of these  magnituL.-s. 
?he erage in te rpola ted  values for transmural l e f t  a t r i a l  pressure a t  zero '; 
,-.. 
A i r  - r s s  of the average value for transmural r i g h t  a t r i a l  pressure of aboux 
3 cm. H20 obtained in these 8aRLe 7 dogs under the in t e rpo la t ed  condi t ion of 
weightlessness. 

0 .  sec t ions  of dashed l i n e s  with zero G l i n e )  of about 5 cm. H a 0  w a s  s l i g h t l y  


